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Abstract

The initiator tRNA (Met-tRNA?’[et) at the P site of the small ribosomal subunit plays an important role in the recognition of
an mRNA start codon. In bacteria, the initiator tRNA carrier, IF2, facilitates the positioning of Met-tRNA}vIet on the small
ribosomal subunit. Eukarya contain the Met—tRNA%vIet carrier, elF2 (unrelated to IF2), whose carrier activity is inhibited
under stress conditions by the phosphorylation of its a-subunit by stress-activated eIF2a kinases. The stress-resistant initia-
tor tRNA carrier, eIF2A, was recently uncovered and shown to load Met—tRNAf\’[et on the 40S ribosomal subunit associated
with a stress-resistant mRNA under stress conditions. Here, we report that eIF2A interacts and functionally cooperates with
elF5B (a homolog of TF2), and we describe the functional domains of e[F2A that are required for its binding of Met-tRNAM¢!,
elF5B, and a stress-resistant mRNA. The results indicate that the eukaryotic eIF5B—eIF2A complex functionally mimics the
bacterial IF2 containing ribosome-, GTP-, and initiator tRNA-binding domains in a single polypeptide.

Keywords Translation initiation - e[F2A - eIF5B - Evolution of initiator tRNA carriers

Abbreviations
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elF2A Eukaryotic initiation factor 2A

elF5B Eukaryotic initiation factor 5B
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HRI Heme-regulated inhibitor

PKR Protein kinase double-stranded
RNA-dependent

PERK PKR-like ER kinase
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GCN2 General control non-derepressible-2
IRES Internal ribosome entry site

HCV Hepatitis C virus

Introduction

The translation of an mRNA begins when a small ribosomal
subunit finds the initiation codon of an mRNA. The pres-
ence of an initiator tRNA (Met-tRNA?’[e‘) at the P site of
the small ribosomal subunit (the 30S and 40S ribosomes
of prokaryotes and eukaryotes, respectively) critically ena-
bles the recognition of the initiation codon [1]. Translation
factors called initiator tRNA carriers facilitate the place-
ment of Met-tRNAM® onto the P site of small ribosomal
subunits. The bacterial translation factor, IF2, is a typical
initiator tRNA carrier that facilitates the allocation of a
formylmethionine-charged initiator tRNA (fMet-tRNA™Met)
onto the P site of the 30S ribosomal subunit. To ensure cor-
rect placement, IF2: (1) associates with fMet-tRNAfMe‘ via
an interaction between the C-terminal region of IF2 and the
formyl group of fMet-tRNA™® [2]; (2) interacts with the
30S ribosome through the N-terminal region of IF2 [3]; (3)
facilitates the joining of the large ribosomal subunit (the 50S
ribosome) with the 30S ribosome [4]; and concomitantly
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(4) hydrolyzes GTP and dissociates from the 30S ribosome
[5, 6].

Eukaryotic IF2 (eIF2) is the major initiator tRNA car-
rier responsible for loading eukaryotic Met-tRNAM® onto
the 40S ribosomal subunit. eIF2 is composed of three poly-
peptides, the «, P, and y subunits. Of them, the y subunit
has GTPase and Met-tRNAM®binding activities [7]; the p
subunit facilitates the association of eIF2 and the 40S ribo-
some through an interaction with eIF3 [8]; and the o subu-
nit regulates the activity of eIF2 [9]. More specifically, the
phosphorylation of a regulatory serine (serine 51) of the
elF2a subunit (in yeast) inhibits the Met-tRNA%\/IEI carrier
activity of elF2 via the sequestration of e[F2B, which is
the guanosine nucleotide exchange factor responsible for
the GDP-GTP exchange activity of eIF2 [10, 11]. A num-
ber of e[F2a kinases are activated by various stress signals,
including oxidative stress [heme-regulated inhibitor (HRI)
or EIF2AK1], viral infection [protein kinase double-stranded
RNA-dependent (PKR) or EIF2AK2], ER overload [PKR-
like ER kinase (PERK) or EIF2AK3], and ROS accumu-
lation or amino acid starvation [general control non-dere-
pressible-2 (GCN2) or EIF2AK4]. Under the relevant stress
conditions, these kinases phosphorylate the regulatory serine
of elF2a, thereby repressing the translation of most eukary-
otic mRNAs [12]. After eIF2 delivers Met—tRNA%V[et, the
carrier is released from the 40S ribosome through a confor-
mational change induced by GTP hydrolysis [13]. eIF5B, a
homolog of IF2, stabilizes the association of initiator tRNA
with the 40S ribosome and helps to ensure the correct posi-
tioning of Met-tRNAM on the P site of the 40S ribosome
when the start codon of an mRNA pairs with the anticodon
of Met-tRNAM¢t [14, 15].

The translations of several mRNAs are known to be
refractory to the translational inhibition mediated by the
phosphorylation of elF2a [16]. Numerous studies have
sought to understand the molecular basis of the persistent
translation of specific mRNAs under stress conditions.
Many such studies have focused on identifying the carrier(s)
for Met-tRNAM® in the translation of the hepatitis C viral
(HCV) mRNA, which is efficiently translated under stress
conditions when the eIF2a subunit is heavily phosphoryl-
ated [17]. Several cellular proteins have been suggested to
participate in recruiting Met-tRNAM® to a 40S ribosome
associated with an HCV mRNA containing an internal ribo-
some entry site (IRES) [18-21]. In addition, eIF2A, which
stimulates the GTP-independent binding of Met-tRNAM!
to a 40S ribosome programmed with AUG [22, 23], was
reported to be responsible for the persistent translation of
HCV mRNA under stress conditions [24]. The authors
showed that siRNA-mediated knockdown of eIF2A severely
repressed HCV mRNA translation under stress conditions.
Moreover, the addition of recombinant eIF2A proteins to
an e[F2A-depleted in vitro translation system restored HCV
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mRNA translation in the presence of phosphorylated elF2a.
elF2A strongly interacts with Met-tRNAM and with stem-
loop I1Id of the HCV IRES, which was shown to be essential
for HCV mRNA translation under stress conditions [24].
The data thus indicate that eIF2A is responsible for supply-
ing Met-tRNAM®! to a 40S ribosome associated with an HCV
mRNA, and that the direct interaction of eIF2A with the
HCV mRNA is required for its selective translation under
stress conditions. Several papers, which suggest that eI[F2A
functions in translation initiation, have been published after
the report. For instance, eIF2A was shown to mediate the
stress-resistant translation of ¢c-Src mRNA, which is essen-
tial for cell proliferation under stress conditions [25]. The
authors demonstrated that eIF2A facilitates tRNAM® loading
onto the 40S ribosome in a c-Src mRNA-dependent manner.
Similarly, to the direct interaction of eIF2A with the HCV
mRNA, elF2A directly interacts with c-Src mRNA [25]. The
results indicate that the direct interaction of eIF2A with a
specific mRNA plays an important role in determining the
mRNA specificity of Met-tRNAM® Joading to a 40S ribo-
some. Interestingly, recent reports suggest that eI[F2A par-
ticipates in translation of mRNAs utilizing CUG codon as a
translation start codon [26-29]. The reports suggested that
elF2A participates in antigen presentation by MHC class 1
molecule, stress responses, and tumor initiation. However,
the molecular basis of the activities of e[F2A in translation
of these mRNAs has been poorly understood. Curiously,
an elF2A-null mouse has been generated recently, and the
elF2A-null mouse did not show an apparent abnormality
under normal growth conditions [30]. It would be interest-
ing if the eIF2A-null mouse shows an abnormality under
stress conditions.

A comparison of eIF2A with IF2 reveals functional simi-
larities and differences. Both proteins directly bind to ini-
tiator tRNAs and deliver them to small ribosomal subunits
in an AUG-dependent manner [31], thereby differing from
elF2, which delivers Met-tRNA]Met to the 40S ribosome in
an AUG-independent manner [23]. Unlike IF2, however,
elF2A neither directly interacts with the small subunit of
ribosome nor has the GTPase activity that is required for IF2
and elF2 to dissociate from the ribosome after they deliver
Met-tRNAM, The mechanisms how eIF2A deploys Met-
tRNAM¢ in the P site of the 40S ribosomal subunit and how
elF2A dissociates from the 40S ribosome after delivering
Met-tRNAM remains to be elucidated. We thus hypoth-
esized that it may work cooperatively with another, GTPase
activity-bearing protein, to function as a Met-tRNAM®!
carrier.

Here, we set out to identify a protein that functions coop-
eratively with eIF2A as a Met-tRNAM®! carrier. We focused
on a translation initiation factor eIF5B that was shown to be
genetically related to yeast eI[F2A. A previous study showed
that knockout of both eIF2A and eIF5B yields a synthetically
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sick phenotype in the yeast Saccharomyces cerevisiae, sug-
gesting that these proteins function in the same pathway
[23]. As eIF5B has ribosome-binding and GTPase activities
that could potentially complement the lack of such activities
in eIF2A, we herein investigated the potential cooperative
function of these proteins to act as a Met-tRNAM®! carrier.

We first confirmed that eIF2A and eIF5B show a genetic
interaction in animals, using Caenorhabditis elegans (C.
elegans) as a multicellular model organism. In the elF2A-
null mutant, eIFSB knockdown triggered a severe delay in
development, suggesting that e[FSB and elF2A function in
the same pathway of C. elegans (Fig. S1). To further exam-
ine the molecular basis for this genetic effect, we investi-
gated the potential physical interaction of these proteins, and
identified an interaction between purified eIF2A and eIF5B
proteins. We determined the domains in elF2A required for
its interactions with eIF5B, Met-tRNA?"et, and mRNA. Fur-
thermore, we performed experiments, showing that e[F5B
augments the activity of elF2A in loading Met-tRNAM< onto
a 40S ribosome associated with an HCV mRNA. Finally,
we analyzed the functional domains of e[F2A associated
with eIF5B with respect to those of well-known bacterial
fMet-tRNA{Met carrier IF2 as follows: in bacteria, IF2 itself
exhibits initiator tRNA-binding, ribosome-binding, GTPase,
and large subunit-joining activities; and in Eukarya, the
elF5B—elF2A complex possesses the equivalent activities
of IF2. In addition, the eIF5B—eIF2A complex has a spe-
cific mRNA-binding activity that does not exist in [F2. The
results provide insight into the molecular basis of how the
elF5SB—eIF2A complex enables the translation of specific
mRNAs to occur under stress conditions.

Materials and methods
Cell culture, transfection, and immunoprecipitation

293FT cells were cultivated in Dulbecco’s modified Eagle’s
medium (Gibco BRL) supplemented with 10% fetal bovine
serum (Clontech). Plasmids were transfected to cells using
Lipofectamine (Invitrogen). The transfected cells were cul-
tivated on plates, washed with cold PBS (pH 7.4), and then
lysed in 500 pl of ice-cold buffer A [0.1% NP-40, 40 mM
HEPES-KOH (pH 7.5), 100 mM KCI, 1 mM EDTA, 10 mM
pB-glycerophosphate, 10 mM NaF, 2 mM Na;VO,, and 1 mM
PMSF]. The solution was sonicated on ice and centrifuged to
yield whole-cell extracts (WCEs). For immunoprecipitation,
WCESs were incubated with 10 pl of anti-Flag M2 affinity gel
(Flag resin; Sigma) at 4 °C for 2 h with constant rotation.
The beads were collected and washed four times with the
same buffer, and the bead—bound proteins were resolved by
SDS-PAGE and analyzed by western blotting.

Purification of recombinant proteins and GST
pull-down assay

His-tagged eIF2A was expressed in E. coli strain M15 using
plasmid pQE31/His—eIF2A, and the expressed protein was
purified as previously described [24]. GST-fused eIF5B and
GST-fused elF2A variants were expressed in E. coli strain
BI121. The GST-fused proteins were purified and GST pull-
down assays were performed, both as previously described
[32]. The purified proteins were visualized by coomassie
blue staining (Fig. S2).

In vitro transcription and pull
down with biotinylated RNAs

For the production of biotinylated tRNAs and HCV IRESs,
plasmids pRL-CMV/Met-tRNAM® and pRL-CMV/tRNAM,
which were previously reported [24], were treated by BstN1,
whereas pRL-CMV/HCV IRES was treated by Accl [24].
The linearized DNAs were used as templates for in vitro
transcription reactions with T7 RNA polymerase in the pres-
ence of 1 mM biotinylated UTP. RNA pull-down experi-
ments were performed using purified GST—eIF2A (1 pg) or
elF2A-overexpressing 293FT cell lysates (3 mg) and bioti-
nylated RNAs (3 pg), as previously described [24].

Filter-binding assays

40S ribosomes were prepared from HeLa cells as described
previously [32]. The amounts of components are as follows:
2 pmol of [**PItRNAM® (10,000 c.p.m./pmol), 2.5 pmol of
40S ribosomal subunit, 2 pmol of HCV IRES, and 3 pmol
each of eIF2A and eIF5B. The procedures were performed
as described previously [24].

Sucrose density gradient analysis

Polysome profile analyses were performed with the cell
extracts of mock- or tunicamycin (2 pg/ml)-treated 293FT
cells. Briefly, the cells were treated with cycloheximide
(100 pg/ml) for 30 min on ice, and lysed with 1 ml of
lysis buffer [300 mM KOAc, 10 mM MgCl,, 50 mM
HEPES-KOH (pH 7.5), 100 mM NH,CI, 5 mM DTT,
0.1 mM EDTA, 0.5% NP-40, and 100 pg/ml cycloheximide].
The sucrose gradients were prepared with polysome buffer
[300 mM KOAc, 10 mM MgCl,, 50 mM HEPES-KOH (pH
7.5), 100 mM NH,C], 2 mM DTT, and 0.1 mM EDTA].
The cell lysate (500 pg) was resolved on 5-45% sucrose
gradients through ultracentrifugation for 3 h at 38,000 rpm
in an SW41Ti rotor (Beckman). We collected 0.25 ml frac-
tions via a gradient density fractionator (Brandel) using
upward displacement with 60% (w/v) sucrose at a flow rate
of 0.25 ml/min. Continuous monitoring was performed
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at an absorbance of 254 nm using an Econo UV monitor
(Bio-Rad). Proteins in every second fraction were methanol-
precipitated and analyzed by western blotting. rRNAs in the
fractions were analyzed by agarose gel electrophoresis after
phenol/chloroform extraction followed by ethanol precipi-
tation, and rRNAs were visualized by ethidium bromide
staining.

Results
Genetic interaction between elF2A and elF5B

The presence of a genetic interaction between elF2A and
elF5B was previously uncovered in a yeast knockout study
[23], where the single knockouts of elF2A and eIF5B
yielded mild and moderate slow-growth phenotypes, respec-
tively, whereas double knockout of e[F2A and eIF5B yielded
a very severe slow-growth phenotype. The “synthetically
sick” phenotype of the double mutant was taken as suggest-
ing that these proteins function in the same biological path-
way. In the present study, we first set out to confirm the rela-
tionship of e[F2A and eIF5B in animals, using knockdown
and knockout experiments in the model organism, C. ele-
gans. Briefly, we characterized a null mutant worm lacking
elF2A (E04D5.1) and examined the effect of elF5B/iffb-1
knockdown (Fig. S1). More specifically, we monitored the
effect of elF5B knockdown on wild-type (panels 1 and 2 in
Fig. S1a) and e/F2A-null worms (panels 3 and 4 in Fig. S1a)
at 52 h after hatching. Knockout of e/F2A yielded a very
mild slow-development phenotype, as shown in Fig. S1b
(compare columns 1 and 3). Knockdown of e/F5B in the
wild-type background yielded a slow-development pheno-
type (compare panel 1 with 2 in Fig. S1a; compare column
1 with 2 in Fig. S1b). Importantly, knockdown of e/F5B in
the eIF2A mutant background yielded a very severe slow-
development phenotype (Fig. S1a and S1b), suggesting that
elF5B and elF2A work together in the same pathway.

Physical interaction between elF2A and elF5B

To gain insight into the molecular basis underlying the
genetic interaction between elF2A and elF5B, we inves-
tigated their potential direct interaction using glutathione
S-transferase (GST) pull-down assays with purified recom-
binant proteins. A GST-fused AelF5Bsg;_;,,, protein (con-
taining GST and residues 587—-1220 of eIF5B; designated
GST-eIF5B) was expressed in E. coli and purified. This
recombinant protein was chosen, because the N-termi-
nal region of elF5B is not essential for its function, and
AelF5Bsg,_19,0 Was previously shown to be fully functional
in vivo and in vitro [33]. Similarly, a His-tagged eIF2A
protein was expressed in E. coli and purified. Our results
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revealed that eIF2A co-precipitated with GST—eIF5B, but
not with negative control GST and GST-PABP proteins
(Fig. 1, compare lanes 5, 6, and 7). This indicates that eIF2A
directly interacts with eIF5SB (Fig. 1).

The middle domain of elF2A (residues 462-501)
is necessary and sufficient for the interaction
with elF5B

To determine the region of elF2A that is required for its
interaction with eIF5B, we performed co-immunoprecipi-
tation (Co-IP) experiments with various deletion mutants of
elF2A. We generated mammalian expression vectors encod-
ing various parts of e[F2A, which were chosen based on their
size and the predicted structures of eIF2A (Fig. 2a). To pre-
dict the functional domains of e[F2A, we analyzed the con-
servation of amino acid sequences from yeast to human (Fig.
S3). We also predicted the three-dimensional structure of the
WD domain of human eIF2A based on the crystal structure
of this domain of eIF2A in the fission yeast, Schizosaccha-
romyces pombe (Fig. S4) [34]. The elF2A of S. pombe was
shown to have nine-bladed p-propeller fold which is uncon-
ventional as a WD domain. The C-terminal end of eI[F2A
is predicted to contain two alpha helices, as assessed using
the Phyre2 program (Fig. S4b) [35]. Interactions between
endogenous elF5B and ectopically expressed Flag-tagged
variants of eI[F2A were observed by Co-IP experiments
(Fig. 2b, c). As expected based on the co-precipitation of
the purified proteins, endogenous eIF5B co-precipitated with
full-length eIF2A (residues 1-585). eIF5B interacted with
elF2A (1-501) but not with eIF2A (1-480) (Fig. 2b), indi-
cating that the C-terminal border of the eIF5B-interacting

GST Pull-down
1
o o + - - GST
r % -+ - GSTelF5B
(0]
S - £ K - - + GST-PABP
L o O
s O O O O+ + + elF2A
70 ] — | eF2a
1oo.| - - -—l GST
24 .| - - l GST

1 2 3 4 5 6 7

Fig. 1 elF2A directly interacts with eIF5B. GST pull-down experi-
ments were performed with recombinant His—eIF2A, GST-eIF5B
(587-1220), GST-PABP, and GST, which were purified from E. coli
extracts. The GST pull-down samples (lanes 5-7) were resolved by
SDS-PAGE and visualized by western blotting with anti-His (R&D
Systems) for His-tagged eIF2A or anti-GST [32] for GST-fusion pro-
teins. The input proteins (lanes 1-3) correspond to 10% of the pro-
teins used for immunoprecipitation
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Fig.2 Determining the eIF2A a
domain required for the interac-
tion with eIF5B. a Schematic
diagram of eIlF2A and its
derivatives. b, ¢ Immuno-
precipitation was performed
using lysates of 293FT cells
expressing Flag-tagged elF2A
derivatives. Flag-tagged elF2A
proteins were precipitated with
Flag resin, and the endogenous
elF5B proteins associated with
the eIF2A derivatives were
visualized by western blotting
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domain of eIF2A was located between residues 480 and
501. eIF2A (462-585) interacted with eIF5B (lane 10 in
Fig. 2¢), indicating that the WD domain of e[F2A is not
required for the interaction. To confirm that the middle part
of elF2A (residues 462-501; designated as ‘M domain’) is
sufficient for the interaction with eIF5B, we synthesized and
purified GST—eIF2A (462-501). Indeed, purified eIF5B co-
precipitated with GST—eIF2A (462-501), indicating that

the M domain of elF2A is sufficient for its interaction with
elF5B (Fig. 2d). To test whether the M domain of eIF2A
is absolutely required for the interaction with eIF5B, we
generated a deletion mutant lacking the M domain: e[F2A
(A462-501). This protein failed to interact with e[F5B in a
co-precipitation experiment (Fig. 2e). Taken together, our
co-precipitation data indicate that the M domain of e[F2A
is necessary and sufficient for its interaction with eIF5B.
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To determine the eIF2A-binding domain in eIF5B, GST
pull-down experiments were performed with purified recom-
binant proteins (Fig. S4c). eIF5B is composed of four func-
tional domains (domains G to IV) [36]. The domains G and
II are responsible for binding to the 40S ribosomal subunit,
and the domain IV is connected with domain III via a long
o-helix (H12 of 40 A). The pull-down experiments indicated
that the domains G +II+1II+1V of eIF5B strongly interacts
with e[F2A, and the domain IV and domains IIT+ IV weakly
bind to e[F2A (lanes 9, 11, and 12 in Fig. S4c). However,
either domain III or domains IT4III did not bind to eIF2A
(lanes 10 and 13 in Fig. S4c). The results indicate that the
domain IV of eIF5B is the minimal domain for the interac-
tion with e[F2A and that the domains G to IV are needed for
the full capacity of interaction with eIF2A.

The WD domain of elF2A interacts with initiator
tRNA

In a previous report [24], we showed that eIF2A interacts
with both Met-tRNAM® and the IRES elements of a target
HCV mRNA. In this study, we set out to determine the
domains of eIF2A that are required for its interactions with
the HCV IRES and Met-tRNAM®', We performed RNA pull-
down experiments using extracts from 293FT cells ectopi-
cally expressing various deletion mutants of eIF2A (see
Fig. 2a) and biotinylated RNAs corresponding to the HCV
IRES or tRNAM®, Our results revealed that the very C-ter-
minal region (residues 561-585) of eIF2A is essential for the
interaction with the HCV IRES but not tRNAM® (Fig. 3a).
Conversely, the very N-terminal-end region (residues 1-35)
was essential for the interaction with tRNAM®! but not the
HCV IRES (Fig. 3c). Biotinylated tRNAM® interacted with
elF2A (1-461) but not eIF2A (1-385) (Fig. 3b), indicating
that the C-terminal border for the interaction with tRNAM®!
is located between residues 386 and 461 of eIF2A. We fur-
ther confirmed the interaction between elF2A (1-461) and
tRNA{‘/Iet using purified GST-fused elF2A (1-461) (Fig. 3d).
These results indicate that the WD domain of eIF2A directly
interacts with tRNAM®, whereas the alpha helix-forming
C-terminal part of eIF2A (residues 502-585; designated
as C domain), which is preceded by the M domain, is suf-
ficient for interaction with the HCV IRES (Fig. 3e). Given
our finding that certain lysine residues of the C domain are
conserved (Fig. 3f), we examined the potential involvement
of these residues in the interaction with the HCV IRES. We
generated eIF2A proteins with lysine-to-alanine mutations,
and tested their ability to bind the HCV mRNA. Mutation
of lysine 567, which is the most highly conserved lysine
in this region, specifically abrogated the binding of eIF2A
with the HCV IRES (Fig. 3f; Fig. S5a), indicating that
lysine 567 of eIF2A plays a key role in the interaction with
the HCV IRES. We further confirmed the roles of the WD
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and C domains in the interactions with the tRNAM® and
HCV IRES, respectively, using an internal deletion mutant
of elF2A lacking residues 462-501 [i.e., the M domain;
elF2A (A462-501)]. Consistent with our above-described
findings, this mutant eI[F2A maintained its ability to bind
both tRNAM® and the HCV IRES (Fig. 3g). Moreover, we
showed that tRNAM and the HCV IRES do not compete for
binding to eIF2A (Fig. S5b). Together, these data indicate
that e[F2A is composed of at least three separable functional
domains, WD, M, and C, which are required for the abilities
of eIF2A to interact with Met-tRNAM®, eIF5B, and a target
mRNA, respectively (Fig. 6a).

elF5B synergistically augments the ability of elF2A
to load Met-tRNAM®! onto the 40S ribosomal subunit

It was previously reported that eIF5B and eIF2A indepen-
dently facilitate the loading of Met-tRNAM® onto the 40S
ribosome in an HCV mRNA-dependent manner [18, 19,
24]. Here, we confirmed the tRNA%V[et-loading activities of
elF2A and eIF5B using in vitro filter-binding assays with
[*?P]-labeled tRNAM® and purified 40S ribosomes (Fig. 4).
Since our above-described results showed that these proteins
interact with each other, we further examined tRN A?’[et load-
ing in the presence of both eIF2A and eIF5B. Consistent
with the previous report [24], eIF2A increased the loading
of tRNAM®! to the 40S ribosome by threefold in the absence
of the HCV IRES (compare columns 2 with 1 in Fig. 4), and
the presence of the HCV IRES further increased tRNAM®
loading by an additional 2.5-fold (compare column 6 with 2
in Fig. 4, and column 5 with 2 in Fig. S6a). eI[F5B showed a
little (if any) tRNAM®loading activity in the absence of the
HCV IRES (compare column 3 with 1 in Fig. 4). Consistent
with the previous report, we observed a significant induc-
tion (about twofold) of eIF5B-mediated tRNA}vIet loading in
the presence of the HCV mRNA (compare column 7 with
columns 1 and 3 in Fig. 4, and column 4 with 1 in Fig. S6a).
However, the overall tRNAM®loading capability of eIFSB
was about fourfold weaker than that of eI[F2A (compare col-
umns 6 with 7 in Fig. 4, and column 5 with 4 in Fig. S6a).
This may suggest that e[F2A plays the major role in loading
Met-tRNAM® onto an HCV mRNA-associated 40S ribo-
some. Interestingly, the eIlF2A-mediated tRNAM®! Joading
of the 40S ribosome was further enhanced by about two-
fold in the presence of eIF5B (compare columns 8 with 6 in
Fig. 4). Under the same experimental conditions, a negative
control tRNAM" was not loaded to 40S ribosome (column
10 in Fig. 4). Taken together, the data indicate that e[F2A
can specifically load Met—tRNA?’[e‘ onto the 40S ribosome
associated with an HCV mRNA, and that eIF5B synergisti-
cally augments this loading of Met-tRNAM® onto the 40S
ribosomal subunit.
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Fig.3 Determining the eIF2A
domain required for binding to
tRNAM® and the HCV mRNA.
a—c RNA pull-down experi-
ments were performed with
biotinylated tRNAM® and a
biotinylated HCV RNA cor-
responding to the IRES element
(HCV IRES), using lysates of
293FT cells transfected with
plasmids expressing various
Flag-tagged deletion mutants
of eIF2A. The RNA-bound
proteins were precipitated
with streptavidin-conjugated
agarose resin and visualized by
western blotting with anti-Flag
(Sigma). d RNA pull-down
experiments were performed
with biotinylated RNAs
(tRNAMe and tRNAM") and
purified recombinant protein
GST-fused elF2A (1-461),
which corresponds to the WD
domain. e RNA pull-down
experiments were performed
with biotinylated RNAs (HCV
IRES and B-globin 5'UTR) and
purified GST—eIF2A (502-585),
which corresponds to the C
domain. f RNA pull-down
experiments were performed
with biotinylated tRNAM® and
biotinylated HCV IRES using
lysates of 293FT cells express-
ing various substitution mutants
of Flag-tagged eIF2A. g RNA
pull-down experiments were
performed with biotinylated
tRNAM<! and biotinylated HCV
IRES using lysates of 293FT
cells expressing Flag-elF2A
(A462-501) with an internal
deletion of the M domain. The
amounts of input lysates and
proteins loaded to control lanes
are indicated in each panel
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Fig.4 elF2A and elF5B 1 2 4 5 6 7 8 9 10
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loading of tRNAM®' onto the 0S

40S ribosomal subunit. The - - - - + + + + + + HCV IRES
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Both elF2A and elF5B are associated with the 40S
ribosomal subunit under stress conditions

The previous studies showed that eIF5B, which directly
associates with the 40S ribosomal subunit, is released from
the ribosome via a conformational change that is triggered
by the hydrolysis of GTP on eIF5B [18, 33], but the mecha-
nism of association and dissociation of elF2A with the
ribosome is unknown. Given our findings that eIF2A and
elF5B directly interact and synergistically facilitate the load-
ing of Met-tRNA?’Iet onto the 40S ribosome, we speculated
that eI[F2A may associate and dissociate with the 40S ribo-
some through a direct interaction with eIF5B. To test this
possibility, we used western blot analyses to detect eIF5B,
elF2A, and elF2a in fractions obtained from sucrose gra-
dient analyses performed with lysates of cells cultivated
under normal (without tunicamycin) and stress (tunicamy-
cin-treated) conditions (Fig. 5). As expected, tunicamycin
treatment induced phosphorylation of elF2a (Fig. S7) and
inhibited overall translation as indicated by the decrease of
polysomal fractions (dotted line in Fig. 5a). Under normal
conditions, both e[F2A and elF5SB were mainly found in the
top fraction (Fig. 5b). This may suggest that these proteins
do not participate in translation under normal conditions,
or that the sucrose gradient analyses caused them to dis-
sociate from ribosomal complexes (perhaps, because their
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ribosomal binding affinities are weak under normal condi-
tions). Interestingly, we observed increases of both eIF5B
and eIF2A in the 40S fractions of stressed (tunicamycin-
treated) cell lysates (fractions 3 and 4 in Fig. 5b). These
results strongly suggest that both eIF2A and eIF5B partici-
pate in translation under stress conditions, and that they may
act together. Further investigation is needed to clearly prove
that eIF2A and eIF5B associate and dissociate with the 40S
ribosome in a complex. Curiously, we observed some elF2A
proteins in the polysome fractions under both normal and
stress conditions. We speculate that these eIF2A proteins
may be directly associated with various mRNAs through the
mRNA-binding domain (C domain) of e[F2A, independent
of elF5B or any ribosome.

Discussion

elF2A, which was recently shown to act as an initiator tRNA
carrier, functions under stress conditions when the activ-
ity of elF2, the major carrier of Met-tRNA?’let, was com-
promised by various stress-related kinases [24]. Although
eIF2A was shown to interact with both Met-tRNAM® and a
specific mRNA (HCV mRNA), the domains responsible for
these interactions remained unknown. Moreover, eIF2A does
not possess a GTPase domain, which would be expected
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Fig.5 Both elF2A and eIF5B are associated with 40S ribosome
under stress conditions. Sucrose gradient analyses were performed
with cell extracts from mock- or tunicamycin (2 pg/ml)-treated 293FT
cells. Cell extracts were centrifuged on 5-45% sucrose gradients. a
Ribosomal distributions were monitored by measuring absorbance
at 254 nm. b Fractions of the sucrose gradients were collected, and
every second fraction was used for the analyses of rRNAs and pro-
teins. The RNAs in each selected fraction were resolved by agarose
gel electrophoresis after phenol/chloroform extraction followed by

to trigger the conformational change required to liberate
the protein from the 40S ribosome. Thus, the mechanism
responsible for releasing eIF2A from the 40S ribosome after
delivering Met-tRNAM® was also unknown. We speculated
that this necessary GTPase function could be provided by a
partner protein that cooperates with e[F2A to initiate trans-
lation. As yeast eIF5B is genetically related to eIF2A [23],
we herein set out to investigate the potential of eIF5B to
function as a counterpart of eIF2A in the delivery of Met-
tRNAMe, We first confirmed the genetic interaction between
elF2A and eIF5B in a model animal (C. elegans). The C.

ethanol precipitation, and rRNAs were visualized by ethidium bro-
mide staining (panel rRNA). Proteins in each selected fraction were
methanol-precipitated and analyzed by western blotting with antibod-
ies against e[F5B (ProteinTech Group), elF2A (ProteinTech Group),
and the o subunit of eIlF2 (Novus) (panels eIF5B, elF2A and elF2,
respectively). The protein band intensities were quantified, and the
relative values of the band intensity with respect to the same protein

in the 10% of cell extract (Input) (which was set to 1) are depicted as
numbers

elegans homolog of elF5B, iffb-1, is known to be required
for larval development, germ cell proliferation, and differen-
tiation [37]. We used an e/F2A mutant worm and an RNAi
against elF5B to investigate whether E04D5.1/elF2A and
iffb-1/elF5B are required during development. As previ-
ously reported, e/F'5B-knockdown worms showed a slow-
development phenotype that was enhanced by knockout of
elF2A (Fig. S1). These data demonstrate that the genetic
interaction of eIF2A and eIF5B previously shown in yeast
also exists in animals. We next studied the molecular basis
of this genetic interaction, and found that eIF2A physically
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interacts with e[FSB (Fig. 1), and that this interaction occurs
through the M domain of e[F2A (residues 462-501) (Figs. 2,
6a). Moreover, we found that the WD (residues 1-461) and
C (residues 502-585) domains of eIF2A are responsible
for its interactions with tRNAM' and mRNA, respectively
(Figs. 3, 6a). Lysine 567 of eIF2A, which is phylogenetically

well conserved, turned out to be essential for mRNA bind-
ing (Fig. 3; Fig. S5a). In addition, we showed that the lysine
567 of elF2A is essential for mRNA-dependent loading of
tRNAM onto the 40S ribosomal subunit using in vitro filter-
binding assay (Fig. S8). The functional domains of eI[F2A
identified in this study are depicted in Fig. 6a.
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v Met
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~ > N
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Initiator tRNA binding factors used in different domains of Life

Bacteria Archaea Eukarya
IF2 - alF2 (a/elF5B)  mm) elF5B
(GTPase + (GTPase + (GTPase +
tRNAi binding 50S joining) 60S joining)
+ 508 joining)
EE-Tu | —————v alelF2 elF2
Homologous to (elF2y: GTPase + (elF2y: GTPase +
elF2y tRNAi binding) tRNAi binding )

Fig.6 Comparison of initiator tRNA carriers. a Structural and func-
tional domains in e[F2A. WD-repeat sequences and a-helical regions
are depicted as closed boxes and open circles, respectively. b Ribbon
diagram showing IF2 (magenta) complexed with fMet-tRNAM, as
previously reported by Allen et al. (PDB: 1Z01) [59]. ¢ Model of the
eIFSB/eIFZA/Met—tRNA}vlet complex. The structure of elF2A (blue)
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(elF2a: Regulatory)

elF2a Kinases elF2A

was predicted using the Phyre2 server [60] and visualized with the
PyMOL program [35]. The structures of eIF5B (magenta) and Met-
tRNAM® were previously reported by Fernandez et al. (PDB: 4BYX)
[14]. d Evolutionary perspective on the initiator tRNA carriers. The
initiator tRNA carrier homologs and their functions are depicted
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Comparison of the structural and functional domains
of the bacterial fMet-tRNA™® carrier, IF2 (Fig. 6b), with
those of eIF2A and eIF5B allowed us to predict the relative
positions of eIF2A, elF5B, and Met—tRNAf/[e‘ during their
interaction (Fig. 6¢). In addition, we predicted the eIF2A
structure complexed with the 40S ribosomal subunit asso-
ciated with elF5B, tRNA%V[et, and HCV IRES based on our
results (Fig. S4b). The N-terminal part of e[F2A, which is
composed of a WD domain associated with Met-tRNA?/Ie‘,
may localize over the P site of 40S ribosome to load Met-
tRNAM on the P site. The structure of M domain of e[F2A
could not be predicted by an available structure prediction
program, but we could speculate the position of M domain
through the interactions between eIF2A and eIF5B and
between elF2A and HCV IRES. The domain IV of eIF5B is
likely to stretch out over the P site of 40S ribosomal subunit
and interact with the M domain of eIF2A (depicted as a
dotted line in Fig. S4b). The M domain of elF2A is likely
to position over the P and E sites of 40S ribosomal subunit
and is connected to the C domain that is predicted to be
composed of two consecutive alpha helices that binds to
the IIId domain of HCV IRES (Fig. S4b). According to the
cryo-EM structure of HCV IRES associated with the 40S
ribosomal subunit, the IIId domain of HCV IRES sticks
out over the platform of 40S ribosome [38]. It is plausi-
ble that the C-terminal end of C domain of eIF2A touches
the extended part of IIId domain where the 40S ribosomal
subunit is not associated. With these configurations of 40S
ribosome, eIF5B, elF2A, Met-tRNA?’let, and HCV IRES, all
of the components may form a complex through RNA—pro-
tein—protein—RNA interactions (Fig. S4b). The interaction
between elF2A and a specific mRNA seems to play a key
role in selecting mRNAs refractory to stress-dependent
translational repression [24]. Recently, we reported that the
stress-resistant translation of c-Src mRNA directed by an
IRES element, which is essential for cell proliferation under
stress conditions, is also mediated by elF2A [25]. A direct
interaction between elF2A and c-Src IRES was shown to
be essential for elF2A-mediated translation [25]. Interest-
ingly, both HCV and c-Src IRESs, which are known to use
elF2A asa Met—tRNAiVlet carrier, interact with 40S ribosome
directly. However, it is not clear whether only the IRES-
containing mRNAs utilize eIF2A as a Met-tRNAM carrier.
Our current investigations on the mRNAs associated with
elF2A under stress conditions with a genome-wide approach
revealed that many cellular mRNAs associate with el[F2A
under stress conditions (data not shown). The functionali-
ties of the massive interactions between eIF2A and various
mRNAs are under investigation.

Our study of the potential functional cooperation between
elF2A and eIF5B revealed that eIFSB synergistically aug-
ments the e[F2A-mediated loading of Met-tRNAM® onto
the 40S ribosome (Fig. 4). Interestingly, the start codon

is critical for the HCV IRES-dependent loading of Met-
tRNA{‘/Ie‘ onto the 40S ribosome, which is mediated by
elF2A. A mutant IRES, which contains a substitution muta-
tion of the start codon from AUG to AAA, failed to augment
elF2A-mediated loading of tRNA!lvIet onto the 40S ribosome,
even though the mRNA-independent loading of tRNAM!
remained in the presence of the mutant HCV IRES (Fig. S6).
On the contrary, the eIF5B-mediated loading of tRNAM!
onto the 40S ribosome was completely abolished when the
mutant HCV IRES was used in the filter-binding assay (Fig.
S6b). In addition, the synergistic activation of tRNA]iV[et load-
ing onto the 40S ribosome by elF2A and elF5B (Fig. 4)
was abolished when the mutant HCV IRES was used in the
filter-binding assay (Fig. S6b). The difference of tRNA%VIet—
loading capability of these proteins is likely attributed to
the binding affinity of these proteins with tRNAM®, That
is, eIF2A but not eIF5B strongly interacts with tRNAM!,
This indicates that the codon—anticodon interaction between
the HCV IRES and the Met-tRNAM®! plays an important
role in mRNA-dependent loading of Met-tRNAM®! onto the
40S ribosome, which is mediated by either e[F2A or eIF5B.
Based on these results and the previous reports, we speculate
that eIF5B enables elF2A to bind ribosomes, while eIF2A
enables eIF5B to bind Met-tRNAM® associated with an
mRNA through a codon-anticodon interaction.

Finally, we used sucrose density gradient analyses to
examine the dispersion patterns of eI[F2A and eIF5B pro-
teins under normal and stress conditions. Under normal
conditions, both proteins were found mostly in the top and
40S fractions (fractions 1 and 2 in Fig. 5). The distribution
pattern of eIF5B is somewhat surprising, as it has been sug-
gested to promote the correct placement of Met-tRNAMe!
[39], stabilize Met-tRNA?’[e‘ at the P site [40], and facilitate
the association of the 60S and 40S ribosomes [33]. Nev-
ertheless, our findings are consistent with the distribution
pattern of eIF5B reported previously [41]. It is noteworthy
that knockout of eIF5B yields a slow-growth phenotype,
suggesting that its activity is not essential for yeast growth
under normal conditions [23]. As an alternative explanation
for the observed distribution of eIF5B in the sucrose density
gradient, we speculate that eIlF5B might have been dissoci-
ated from the 40S ribosome during the analytic process. This
possibility should be re-investigated in the future. Critically,
under stress conditions, eIF5B and eIF2A showed much
more co-elution with the 40S ribosome (e.g., they were
both found in fraction 3 and 4 in tunicamycin-treated cells)
(Fig. 5b). Moreover, our results indicate that these proteins
are released from the 40S ribosome later than eIF2 under
stress conditions (fraction 3 in Fig. 5b). The distribution
patterns of eIF2A and eIF5B in the sucrose density gradient
analyses were similar under normal and stress conditions.
This may indicate that these two proteins are released from
the 40S ribosome as a complex, before the joining of the 60S
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Tab.le T elF2a ki.nases Of Kinase Yeast C. elegans Mammal Stresses
various eukaryotic organisms
HRI (EIF2AK1) O O Heme levels, oxidative stress [51, 52]
PKR (EIF2AK?2) @) ds RNA [53]
PERK (EIF2AK3) @) O ER stress, hypoxia [54, 55]
GCN2 (EIF2AK4) O O @] Amino acid starvation, UV irradia-

tion, ROS [56-58]

The elF2a kinases and their activating stresses are depicted for yeasts, C. elegans, and mammals

ribosomal subunit, perhaps, via a conformational change of
elF5B induced by its hydrolysis of GTP. However, further
investigation is needed to clearly prove that these two pro-
teins associate and dissociate with the 40S ribosome as a
complex. Notably, low levels of eIF2A were detected in all
tested fractions (Fig. 5b). It is likely to reflect the direct
(ribosome- and elF5B-independent) association of the C
domain of eI[F2A with mRNAs.

Evolutionary perspective on initiator tRNA carriers
(Fig. 6d)

Given what our present results indicate regarding the tight
communication between eIF5B and elF2A, it seems worth-
while to re-examine the general features and relationships
among the carriers of Met-tRNAM®, In the case of bacte-
ria, a single translation factor, IF2, facilitates the loading of
fMet-tRNAM® on the P site of the small ribosomal subunit.
The N-terminal part of IF2 is responsible for interacting with
the 30S ribosome and binding GTP, while the C-terminal
part, which is connected to the N-terminal domain via a
long a-helix, interacts with a formylmethionine-charged
initiator tRNA (fMet-tRNAM) via the formyl group [42].
In addition, IF2 facilitates the joining of the large riboso-
mal subunit (the 50S ribosome) to the translational pre-
initiation complex composed of the 30S ribosome, mRNA,
and fMet-tRNAM® [43_45]. The hydrolysis of GTP on IF2,
which is activated by the joining of the large ribosomal
subunit, occurs concomitantly with the dissociation of IF2
from the 70S ribosomal complex. The hydrolysis of GTP
is believed to induce conformational changes in IF2, trig-
gering this dissociation [6]. Archaea express a homolog
of IF2 called archaeal IF2 (alF2, also known as a/elF5B),
which contains GTP- and ribosome-binding domains [46].
Unlike bacterial IF2, however, alF2 may not interact with
Met-tRNAM® strongly, since the formylation of methionine,
which is essential for the interaction with IF2, does not occur
in Archaea and Eukarya [47]. Therefore, alF2 alone may not
be able to recruit Met-tRNAM®! to the P site of the 30S ribo-
some. Instead, Archaea express an alternative Met-tRNA%VIet
carrier called a/elF2, the homolog of eukaryotic translation
initiation factor eIF2, which recruits Met-tRNAM to the
small ribosomal subunit [48]. The cooperative action of a/
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eIF5B and a/elF2 facilitates the loading of Met-tRNAM!
at the P site of the small ribosomal subunit [39, 46]. The o
subunit of a/elF2 does not undergo kinase-mediated phos-
phorylation in Archaea; this mode of repression exists only
in Eukarya. Indeed, the Eukarya express structural and func-
tional homologs of archaeal a/elF2 and a/elF5B, called elF2
and eIF5B, respectively. eIF5B is a ribosome-dependent
GTPase that mediates ribosomal subunit joining [1]. Similar
to a/elF5B, elF5B contains a G domain and domain II, which
confer GTPase and ribosome-binding activities, respectively
[36]. In addition, similar to a/eIF5B, eIF5B binds weakly
to Met-tRNA%V[e‘ [46], which makes it less likely to func-
tion as an initiator tRNA carrier by itself. Instead, the con-
certed actions of eIF5B and the Met-tRNA%V[et carrier, elF2,
facilitate the loading of Met-tRNAM®! to the P site of the
40S ribosome and stabilize the ribosome-tRNAM' complex.
Moreover, eIF5B accelerates the joining of the ribosomal
subunits [49].

In Eukarya, an additional Met-tRNAM®! carrier, eIF2A,
exists from yeast to human. It functions when the activity
of elF2 is compromised by phosphorylation of its o subunit
under stress conditions. We propose that eI[F2A coevolved
with the elF2a kinases for the translation of specific mRNAs
that must be translated even when the function of eIF2 is
compromised by stress responses. Various sets of elF2a
kinases exist in different groups of Eukarya (Table 1).
Among the elF2a kinases, only GCN2 (EIF2KA4), which
is activated by ROS and amino acid starvation, exist in most
Eukarya (from yeast to human, Table 1). This may suggest
that the basic needs of translational regulation by elF2«a
kinase are related to the functions of GCN2. Considering the
functions of GCN2 and their difference between prokaryotes
and eukaryotes, we speculate that the absolute necessity of
translational regulation by elF2a kinases is to protect cells
from ROS generated by dysfunctional mitochondria. Moreo-
ver, GCN2 may also play an important role in maintaining
mitochondrial function and promoting cell growth during
mitochondrial stress as reported previously [50]. Notably,
the eukaryotes that lack mitochondria, such as the Diplo-
monads and Trichomonas, do not possess homologs of either
an elF2a kinase or eIF2A. This strongly suggests that the
GCN2 have evolved primarily to deal with ROS generated by
dysfunctional mitochondria and/or to protect mitochondria.



elF2A, an initiator tRNA carrier refractory to elF2a kinases, functions synergistically with...

4299

Other elF2a kinases may have evolved to cope with stresses
other than ROS accumulation. e[F2A is, therefore, likely to
have evolved to facilitate the translation of specific mRNAs
that are required to maintain cellular functions under stress
conditions, including the accumulation of ROS.

Acknowledgements The authors thank Prof. Sunghoon Kim (Seoul
National University, Republic of Korea) for providing us a Gemt-Easy
vector containing an initiator tRNAM®, tRNA'-coding region.

Author contributions EK, JHK, and SKJ designed the experiments.
EK, JHK, KS, SWA and JK performed the experiments. KYH provided
materials. EK, KS, KYH, SL, and SKJ wrote the paper.

Funding This research was supported by Basic Science Research
Program through the National Research Foundation of Korea (NRF)
funded by the Ministry of Science, ICT & Future Planning (No. NRF-
2017R1A2B3009902), and by the National Research Foundation of
Korea (NRF) Grant funded by the Korean Government (MSIP) (No.
NRF-2017R1A5A1015366).

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creativeco
mmons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

1. Jackson RJ, Hellen CU, Pestova TV (2010) The mechanism of
eukaryotic translation initiation and principles of its regulation.
Nat Rev Mol Cell Biol 11(2):113-127

2. Spurio R et al (2000) The C-terminal subdomain (IF2 C-2) con-
tains the entire fMet-tRNA binding site of initiation factor IF2. J
Biol Chem 275(4):2447-2454

3. Simonetti A et al (2013) Involvement of protein IF2N domain in
ribosomal subunit joining revealed from architecture and func-
tion of the full-length initiation factor. Proc Natl Acad Sci USA
110(39):15656-15661

4. Simonetti A et al (2008) Structure of the 30S translation initiation
complex. Nature 455(7211):416-420

5. Antoun A et al (2003) The roles of initiation factor 2 and guano-
sine triphosphate in initiation of protein synthesis 2. EMBO J
22(20):5593-5601

6. Marshall RA, Aitken CE, Puglisi JD (2009) GTP hydrolysis by
IF2 guides progression of the ribosome into elongation. Mol Cell
35(1):37-47

7. Erickson FL, Hannig EM (1996) Ligand interactions with eukary-
otic translation initiation factor 2: role of the y-subunit. EMBO J
15(22):6311-6320

8. Valasek L, Nielsen KH, Hinnebusch AG (2000) Direct eIF2—eIF3
contact in the multifactor complex is important for translation
initiation in vivo. EMBO J 21(21):5886-5898

9. Naveau M et al (2013) Roles of yeast elF2alpha and elF2beta
subunits in the binding of the initiator methionyl-tRNA. Nucleic
Acids Res 41(2):1047-1057

10. Yang W, Hinnebusch AG (1996) Identification of a regulatory
subcomplex in the guanine nucleotide exchange factor eIF2B
that mediates inhibition by phosphorylated elF2. Mol Cell Biol
16(11):6603-6616

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

Pavitt GD et al (1998) elF2 independently binds two distinct
elF2B subcomplexes that catalyze and regulate guanine—nucleo-
tide exchange. Genes Dev 12:514-526

Krishnamoorthy T et al (2001) Tight binding of the phosphoryl-
ated alpha subunit of initiation factor 2 (eIF2alpha) to the regu-
latory subunits of guanine nucleotide exchange factor eIF2B is
required for inhibition of translation initiation. Mol Cell Biol
21(15):5018-5030

Unbehaun A et al (2004) Release of initiation factors from 48S
complexes during ribosomal subunit joining and the link between
establishment of codon—anticodon base-pairing and hydrolysis of
elF2-bound GTP. Genes Dev 18(24):3078-3093

Fernandez IS et al (2013) Molecular architecture of a eukaryotic
translational initiation complex. Science 342(6160):1240585
Yamamoto H et al (2014) Structure of the mammalian 80S initia-
tion complex with initiation factor 5B on HCV-IRES RNA. Nat
Struct Mol Biol 21(8):721-727

Sonenberg N, Hinnebusch AG (2009) Regulation of translation
initiation in eukaryotes: mechanisms and biological targets. Cell
136(4):731-745

Robert F et al (2006) Initiation of protein synthesis by hepatitis C
virus is refractory to reduced elF2.GTP.Met-tRNA(i)(Met) ternary
complex availability. Mol Biol Cell 17(11):4632-4644

Pestova TV et al (2008) elF2-dependent and elF2-independent
modes of initiation on CSFV IRES: a common role of domain II.
EMBO J 27:1060-1072

Terenin IM et al (2008) Eukaryotic translation initiation machin-
ery can operate in a bacterial-like mode without eIF2. Nat Struct
Mol Biol 15(8):836-841

Dmitriev SE et al (2010) GTP-independent tRNA delivery to the
ribosomal P-site by a novel eukaryotic translation factor. J Biol
Chem 285(35):26779-26787

Skabkin MA et al (2010) Activities of Ligatin and MCT-1/DENR
in eukaryotic translation initiation and ribosomal recycling. Genes
Dev 24(16):1787-1801

Merrick WC, Anderson WF (1975) Purification and characteriza-
tion of homogeneous protein synthesis initiation factor M1 from
rabbit reticulocytes. J Biol Chem 250(4):1197-1206

Zoll WL et al (2002) Characterization of mammalian
elF2A and identification of the yeast homolog. J Biol Chem
277(40):37079-37087

Kim JH et al (2011) eIF2A mediates translation of hepatitis C viral
mRNA under stress conditions. EMBO J 30(12):2454-2464
Kwon OS et al (2017) An mRNA-specific tRNAI carrier eI[F2A
plays a pivotal role in cell proliferation under stress conditions:
stress-resistant translation of c-Src mRNA is mediated by eIF2A.
Nucleic Acids Res 45(1):296-310

Starck SR et al (2012) Leucine-tRNA initiates at CUG start
codons for protein synthesis and presentation by MHC class I.
Science 336(6089):1719-1723

Liang H et al (2014) PTENalpha, a PTEN isoform translated
through alternative initiation, regulates mitochondrial function
and energy metabolism. Cell Metab 19(5):836-848

Starck SR et al (2016) Translation from the 5’ untranslated region
shapes the integrated stress response. Science 351(6272):aad3867
Sendoel A et al (2017) Translation from unconventional 5’ start
sites drives tumour initiation. Nature 541(7638):494-499
Golovko A et al (2016) The elF2A knockout mouse. Cell Cycle
15(22):3115-3120

Komar AA et al (2005) Novel characteristics of the biological
properties of the yeast Saccharomyces cerevisiae eukaryotic initia-
tion factor 2A. J Biol Chem 280(16):15601-15611

Park SM et al (2011) Translation-competent 48S complex forma-
tion on HCV IRES requires the RNA-binding protein NSAP1.
Nucleic Acids Res 39(17):7791-7802

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

4300

E.Kim et al.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Pestova TV et al (2000) The joining of ribosomal subunits in
eukaryotes requires eIF5B. Nature 403:332-335

Kashiwagi K, Ito T, Yokoyama S (2014) Crystal structure of the
eukaryotic translation initiation factor 2A from Schizosaccharo-
myces pombe. J Struct Funct Genomics 15(3):125-130
Schrodinger LLC (2015) The PyMOL Molecular Graphics Sys-
tem, Version 1.8, Schrodinger, LLC

Roll-Mecak A et al (2000) X-ray structures of the universal trans-
lation initiation factor IF2eIF5B. Cell 103:781-792

Yu X et al (2006) Eukaryotic translation initiation factor 5B activ-
ity regulates larval growth rate and germline development in Cae-
norhabditis elegans. Genesis 44(9):412—418

Quade N et al (2015) Cryo-EM structure of Hepatitis C virus
IRES bound to the human ribosome at 3.9-A resolution. Nat Com-
mun 6:7646

Benelli D, Londei P (2009) Begin at the beginning: evolution of
translational initiation. Res Microbiol 160(7):493-501

Pisareva VP, Pisarev AV (2014) elF5 and elF5B together stimu-
late 48S initiation complex formation during ribosomal scanning.
Nucleic Acids Res 42(19):12052-12069

Fringer JM et al (2007) Coupled release of eukaryotic transla-
tion initiation factors 5B and 1A from 80S ribosomes following
subunit joining. Mol Cell Biol 27(6):2384-2397

Gualerzi CO, Pon CL (1990) Initiation of mRNA translation in
prokaryotes. Biochemistry 29(25):5881-5889

Milon P et al (2010) The ribosome-bound initiation factor 2
recruits initiator tRNA to the 30S initiation complex. EMBO Rep
11(4):312-316

Hussain T et al (2016) Large-scale movements of IF3 and tRNA
during bacterial translation initiation. Cell 167(1):133-144 e13
Sprink T et al (2016) Structures of ribosome-bound initiation
factor 2 reveal the mechanism of subunit association. Sci Adv
2(3):e1501502

Maone E et al (2007) Functional analysis of the translation factor
alF2/5B in the thermophilic archaeon Sulfolobus solfataricus. Mol
Microbiol 65(3):700-713

Guillon L et al (2005) Initiator tRNA binding by ealF5B, the
eukaryotic archaeal homologue of bacterial initiation factor IF2.
Biochemistry 44:15594-15601

Kyrpides NC, Woese CR (1998) Archaeal translation initia-
tion revisited: the initiation factor 2 and eukaryotic initiation

@ Springer

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

factor 2B a-p-6 subunit families. Proc Natl Acad Sci U S A
95(7):3726-3730

Hinnebusch AG (2014) The scanning mechanism of eukaryotic
translation initiation. Annu Rev Biochem 83:779-812

Baker BM et al (2012) Protective coupling of mitochondrial func-
tion and protein synthesis via the e[F2alpha kinase GCN-2. PLoS
Genet 8(6):€1002760

Lu L, Han AP, Chen JJ (2001) Translation initiation control
by heme-regulated eukaryotic initiation factor 2alpha kinase
in erythroid cells under cytoplasmic stresses. Mol Cell Biol
21(23):7971-7980

Yerlikaya A, Kimball SR, Stanley BA (2008) Phosphorylation
of elF2alpha in response to 26S proteasome inhibition is medi-
ated by the haem-regulated inhibitor (HRI) kinase. Biochem J
412(3):579-588

Dabo S, Meurs EF (2012) dsRNA-dependent protein kinase
PKR and its role in stress, signaling and HCV infection. Viruses
4(11):2598-2635

Harding HP et al (2000) PERK is essential for translational regula-
tion and cell survival during the unfolded protein response. Mol
Cell 5:897-904

Koumenis C et al (2002) Regulation of protein synthesis by
hypoxia via activation of the endoplasmic reticulum kinase PERK
and phosphorylation of the translation initiation factor eIF2. Mol
Cell Biol 22(21):7405-7416

Deng J et al (2002) Activation of GCN2 in UV-irradiated cells
inhibits translation. Curr Biol 12(15):1279-1286

Chen J et al (2015) Coupling of mRNA structure rearrangement
to ribosome movement during bypassing of non-coding regions.
Cell 163(5):1267-1280

Zhang P et al (2002) The GCN2 elF2 kinase is required for
adaptation to amino acid deprivation in mice. Mol Cell Biol
22(19):6681-6688

Allen GS et al (2005) The cryo-EM structure of a translation ini-
tiation complex from Escherichia coli. Cell 121(5):703-712
Kelley LA et al (2015) The Phyre2 web portal for protein mod-
eling, prediction and analysis. Nat Protoc 10(6):845-858

Robert X, Gouet P (2014) Deciphering key features in protein
structures with the new ENDscript server. Nucleic Acids Res
42(Web Server issue):W320-W324



	eIF2A, an initiator tRNA carrier refractory to eIF2α kinases, functions synergistically with eIF5B
	Abstract
	Introduction
	Materials and methods
	Cell culture, transfection, and immunoprecipitation
	Purification of recombinant proteins and GST pull-down assay
	In vitro transcription and pull down with biotinylated RNAs
	Filter-binding assays
	Sucrose density gradient analysis

	Results
	Genetic interaction between eIF2A and eIF5B
	Physical interaction between eIF2A and eIF5B
	The middle domain of eIF2A (residues 462–501) is necessary and sufficient for the interaction with eIF5B
	The WD domain of eIF2A interacts with initiator tRNA
	eIF5B synergistically augments the ability of eIF2A to load Met-tRNAiMet onto the 40S ribosomal subunit
	Both eIF2A and eIF5B are associated with the 40S ribosomal subunit under stress conditions

	Discussion
	Evolutionary perspective on initiator tRNA carriers (Fig. 6d)

	Acknowledgements 
	References




